Physiology or Medicine, together with André Lwoff and Jacques Monod, for the discovery of the mechanisms controlling gene expression in bacteria, the operon model. The impact of this discovery was immense and triggered the conversion of molecular biologists to the study of higher organisms and their development. Jacob decided to work on mice, and his characterization of embryonal carcinoma cells and of their differentiation foreshadowed recent studies on embryonic stem cells. His comparison between evolution and the work of a tinkerer was also highly influential.
study medicine in order to become a surgeon was a consequence of his admiration for his uncle, who was a well-known doctor. Jacob was not involved in politics before 1940, although occasionally he had to face antiSemitism supported by right wing and fascist movements. His life changed dramatically in 1940. His mother was diagnosed with cancer and died a few days before German troops entered Paris. Jacob then left Paris and a few days later reached Saint-Jean-de-Luz in southwest France, where he embarked for England and joined the Free French Forces recently organized by Charles de Gaulle. Although he wanted to fight against the Germans, because of his 2 years of medical studies it was decided that he would be a medic. He spent the next 4 years in Chad, Tunisia and Libya where he participated in the battles against the troops of Rommel. He joined the second armoured division led by Leclerc, and was severely injured in August 1944 in Normandy while providing support to a wounded companion. He spent the last months of the war recovering in the Val-de-Grâce hospital in Paris.
In his autobiography, Jacob describes the difficulties he experienced in returning to a 'normal life'. His injuries prevented him from becoming a surgeon (figure 1). He completed his medical studies, but did not want to be a doctor and considered other possibilities, in administration, in politics or even as an actor. What was probably the most difficult aspect for him was the contrast between the 4 years he had spent in Africa and the French people around him now, who, for the most part, had been quietly waiting for the end of the war.
In 1947, he married Lise Bloch, a pianist, with whom he had four children: Pierre, Odile, Laurent and Henri. After the premature death of his wife he married Geneviève Barrier, a medical doctor, in 1999.
His participation in a post-war project to produce antibiotics in France was a failure, but was probably more important for his future than he admitted. He learnt a lot about microbiology, did his first experiments and attended scientific congresses. A discussion with his cousin, Herbert Marcovich, who worked in a laboratory, convinced him that it was perhaps not too late to work in biological research. He was admitted onto a course organized by the Institut Pasteur and asked André Lwoff for a position in his laboratory. Lwoff worked in the attic of one of the oldest buildings of the Institut Pasteur, a place that was to become famous some years later. During his already long scientific career, Lwoff had successively pursued various research projects: the study of the morphology of ciliates and the characterization of growth factors. His contributions were internationally acknowledged and he had established many contacts, in particular with English and American biologists who frequently visited his lab. He was presently pursuing the studies that Eugène and Elisabeth Wollman had initiated on lysogeny before their arrest and deportation to the extermination camps. Lysogeny was a 'strange' phenomenon in which a bacterial virus, a bacteriophage, infects a bacterium, but remains silent within it for many generations before lysing it. In 1950, with Louis Siminovitch and Niels Kjeldgaard, Lwoff found a way to induce the production of bacteriophages in a lysogenic bacterium (i.e. a bacterium silently harbouring a bacteriophage) and its lysis by irradiating it with UV or by addition of chemical compounds (Lwoff et al. 1950 ). This discovery opened the door to the experimental study of this phenomenon, which had been so difficult before.
The work on lysogeny
This discovery opened the door of Lwoff's laboratory to Jacob, whose help had now become essential in exploiting this experimental system. Fifteen years later, Jacob, Lwoff and Jacques Monod received the Nobel Prize in Physiology or Medicine for their description of the first molecular model of gene regulationthe operon model. The model emerged from the study of lysogeny by Lwoff and Jacob and of enzymatic adaptation by Monod. The latter was the induction, in bacteria or in yeasts, by the addition of a nutrient such as lactose, of the enzymatic activities required to metabolize this nutrient.
The first 4 years corresponding to Jacob's PhD are often considered as less productive, a time he needed to familiarize himself with this complex experimental system, a time of 'training'. In fact, these years were far more important for what happened later; they set cornerstones that would be incorporated into his future work. The characterization of the immunity of a lysogenic bacterium to a further infection by the same bacteriophage would be the source of the concept of repressor. Jacob adopted the notion of prophage proposed by Lwoff to describe the silent state of the bacteriophage, and stated that the central unresolved issues were the nature and position of this prophage in the lysogenic bacterium. Like Lwoff, he drew a parallel between the induction of a prophage and the development of a cancer that would also result from the activation of a 'provirus'. This 'lysogenic model' had a huge influence on cancer researchers up until the 1970s. The question of the origin and nature of cancer was to remain central to Jacob throughout his scientific life. As early as 1951, the study of the dependence of lysogeny on the metabolic state of the bacterial cell led Jacob to investigate whether enzymatic adaptation was altered by the induction of a prophage (1)*, anticipating the later convergence of the two lines of research. These years of the 1950s also reveal some of the characteristics of Jacob's 'method', his scientific 'style' as he would have called it. They demonstrate his capacity for replacing abstract models and black boxes by precise mechanisms whose characteristics can be experimentally tested (figure 2).
A precise mechanistic description of conjugation
The second step in Jacob's career was his collaboration with Elie Wollman, the son of Eugène and Elisabeth Wollman. Elie had brought back to the attic the genetic tools developed by the * Numbers in this form refer to the bibliography at the end of the text.
American Phage group, headed by Max Delbrück and Salvador Luria, and decided to apply them to the study of lysogeny. They rapidly confirmed the observations of Joshua Lederberg that the λ prophage and the gene responsible for galactose utilization were genetically linked. They were able to describe the mechanisms of the genetic exchanges between bacteriaconjugation-a phenomenon that had hitherto remained obscure. Early observations had been interpreted by giving the bacterial chromosome a complex branched structure. By using the Hfr strains, isolated in England by William Hates, which transferred their genes with high efficiency, and by interrupting the genetic exchanges at precise times by vigorous mixing in a Waring blender (Elie Wollman's idea), they were able to show that the genes of the donor bacterium were progressively transferred in a precise order to the recipient bacterium (3). These experiments yielded genetic maps, confirming the previous location of the prophage on the bacterial chromosome. Jacob and Wollman discovered a new phenomenon called 'zygotic induction': when a lysogenic bacterium was conjugated to a non-lysogenic one, the recipient bacterium was rapidly lysed after it received the prophage (2). This experiment confirmed that the development of the prophage was prevented by an inhibitor present in the lysogenic bacterium. This inhibitor was later shown to be controlled by the cI gene of the bacteriophage itself. Jacob and Wollman showed that in different Hfr strains the transfer of the bacterial chromosome was initiated at different positions of the bacterial chromosome. The only possible interpretation of the multiple results was that the bacterial chromosome was circular, and that the transfer of the chromosome was initiated at the point where a sexual factor (F) had been inserted. The sexual factor, temperate bacteriophages involved in lysogeny and genetic elements permitting the production of colicins-toxins produced by one strain of bacteria against another strain-all had the capacity to replicate independently in the cell, or to attach to the bacterial chromosome and to replicate with the latter. They were named 'episomes'. Wollman and Jacob attached huge importance to episomes. In a book first published in French in 1959, and then in English in 1961, they hypothesized that episomes might be responsible for the changes in gene expression observed in differentiation and development, through their insertion at different places in the chromosomes of higher organisms. Wollman and Jacob also wondered whether episomes were involved in the formation of tumours (5).
The operon model
A radically different model of gene regulation emerged from the work that Jacob and Monod initiated in 1957. The projected experiments were initially designed to locate and characterize the mutations that Monod and his collaborators had isolated in the lactose system: the z − mutations preventing the synthesis of β-galactosidase, the main enzyme that digests lactose, the y − mutations affecting permease, the protein that enables lactose to enter the bacterial cell (also inducible by lactose), and the i − mutations, which were associated with a constitutive expression of β-galactosidase and permease even in the absence of lactose.
The results of a series of experiments performed with Arthur Pardee, an American researcher on sabbatical leave, the PaJaMo experiments, were particularly revealing: when z + i + bacteria were crossed with z − i − bacteria, β-galactosidase was synthesized at maximum rate as soon as the z gene entered the recipient bacterium, but synthesis ceased after a while in the absence of lactose (4) . The interpretation of these results yielded two major hypotheses that lie at the heart of the operon model. The pre-existing ribosomes of the recipient cells (ribosomes are not transmitted through conjugation) could not themselves be responsible for the nature of the proteins synthesized on them: there was probably a rapidly produced intermediate between DNA and proteins, X. The delayed switching-off of β-galactosidase synthesis led to the hypothesis that the product of the i gene was an inhibitor, initially absent from the cytoplasm of the recipient cells and progressively accumulating within them.
But the major step towards the elaboration of the operon model was accomplished when it was realized by Jacob that the control of lysogeny and the induction by lactose might obey the same mechanisms. Jacob recalled having this epiphany in a cinema near Montparnasse in the summer of 1958, but another explanation is more probable. Jacob had been asked to deliver the prestigious Harvey Lecture on the work that he had done on lysogeny, but as he was then involved with Monod in a new series of experiments on the lactose system, he desperately tried to associate the two studies, so as to be able to speak of his ongoing research. The constraint imposed by the preparation of this lecture was a strong impetus to search for and discover similarities between the two systems. This generated a constant exchange of ideas between Jacob and Monod, and 3 years of close collaboration. The lactose system was more accessible to biochemical experiments, but many mutations had been described in the λ-system that could be reinterpreted within the framework of the hypothetical model proposed for the lactose system, and support it. All the results and hypotheses were gathered in an influential paper published in the Journal of Molecular Biology in 1961 (6) . X was now a messenger RNA: the identification of X with a short-lived RNA was made by Francis Crick and Sydney Brenner during a discussion with Jacob that took place in Cambridge on Good Friday 1960. The experimental demonstration of the existence and nature of X was provided some months later by Jacob and Brenner in Matthew Meselson's lab (7) . In the operon model, a repressor under the control of a regulatory gene blocks the initiation of transcription by binding upstream of the different genes forming the operon. An inducer can release the inhibitory action of the repressor, which leads to the synthesis of one unique messenger RNA for all the genes forming the operon.
The distinction between structural and regulatory genes was a central part of the operon model. It spawned the notion of 'genetic programme', which unfortunately was a source of numerous misinterpretations. The creation of these two categories of genes emphasized that not all genes have the same type of functions, and therefore they do not have the same role in evolution. Current work in evo-devo is clearly a legacy of this distinction, and of the transformations of the modern synthesis that were required to adapt it to the new results generated by molecular biology.
The operon model was well received. It was the result of a highly elegant combination of biochemical and genetic studies. Its main merit was to propose an answer to a question that had been raised by Thomas Morgan 30 years earlier: What mechanisms enable cells of higher organisms harbouring the same genes to express them at such different levels? For Jacob and Monod, the answer was: something similar to the operon. It encouraged many molecular biologists to abandon the study of bacteria and bacteriophages and to turn their attention to higher organisms and the mechanisms of their development.
Like the double-helix structure of DNA, the operon model remains central to presentday biology. Not in its details, but because of two of its main statements: gene activity is regulated by proteins that bind to DNA; and initiation of transcription is the main point of control of gene expression. The paradigm that Jacob, Monod and the small group of the founders of molecular biology established remains at the core of biology after more than 50 years.
Nonetheless, there were objections to the operon model. Monod's emphasis on the negative control by repressors was rapidly demonstrated not to be unanimously valid. Many embryologists considered that other, more global, mechanisms of gene regulation, absent in bacteria, were needed to explain the dramatic variation in gene activity observed during development. In 1969, Roy Britten and Eric Davidson proposed their model of gene regulation in higher organisms. At that time, most embryologists considered it to account for gene regulation during development better than the operon model (Britten & Davidson 1969) . These objections to the operon model led to the study of epigenetic marks-DNA methylation and histone modifications. Jacob regretted this absence of acknowledgement of the general value of the operon model, and of references to it in the description of developmental genes in the 1980s-in particular of the homeotic genes.
A period of transition
Between 1960 and 1970 Jacob exploited the explanatory power of the operon model in microorganisms and carefully prepared his reconversion to the study of higher organisms and their development.
Together with Monod and Jean-Pierre Changeux, Jacob elaborated the allosteric model. When it was realized that the repressor was not an RNA, as was initially proposed, but a protein, it appeared to be a wonderful example of an allosteric protein, i.e. a protein possessing structurally unrelated binding sites for different ligands. Once the phenomenological description of these allosteric proteins was accomplished (8), Jacob did not join with Monod and Changeux in elaborating a theory of allostery (Monod et al. 1965 ). Instead, with Brenner and François Cuzin, he proposed in 1963 the replicon model (9), the result of tinkering with the operon model to explain the control of DNA replication in bacteria. Less visible than the operon model, the replicon model also had a long life, guiding the efforts of researchers working on DNA replication in the following decades. This model has two interesting features that have not been sufficiently underlined. The initiator gene that triggers DNA replication acts as an activator of chromosome replication, showing that Jacob was not a prisoner of the negative control hypothesized for the operon model. The product of the initiator gene acts on a sequence of chromosomal DNA called the replicator, which is attached to the bacterial membrane (figure 3)-to allow proper distribution of the chromosomes in the daughter cells. This interest in the structural organization of the cell, and in particular in its membrane, is a sign of the transition from molecular biology to molecular cell biology that occurred in these years, and would influence the work that Jacob did after 1970 on early development in mice.
With Luis Pereira da Silva and Harvey Eisen, Jacob showed the complexity of the molecular mechanisms controlling λ phage development, and with Yukinori Hirota and Antoinette Ryter he tried to isolate mutants of cell division and to obtain cytostructural information to support the replicon model. Jacob explained on various occasions what pushed him to choose the mouse as a model to study the mechanisms controlling development in higher organisms. There were two opposite strategies open to molecular biologists in their search for the mechanisms of differentiation and development. The first was to choose the simplest living system exhibiting signs of differentiation, such as sporulating bacteria or aggregating slime moulds. The second strategy was to study directly the development of a higher organism, a mammal. In the first strategy, there was a risk of missing important mechanisms present only in higher organisms. In the second strategy, the technical difficulties generated by the complexity of the system, and the absence of appropriate tools, could hinder progress. Three different types of reasons converged to dictate Jacob's choice. The first were the decisions of those with whom he had so far collaborated. Monod did not intend to abandon bacteria, and he left experimental work when he was appointed Head of the Institut Pasteur in 1971. André Lwoff had already turned to the study of animal viruses and cancer. Brenner had adopted a radically new and simple model, the nematode, whereas Seymour Benzer had decided to study Drosophila development and behaviour. Some interesting opportunities had already been seized, thus limiting Jacob's choice. The second reason to opt for an organism was the possibility of combining biochemical and genetic approaches, the former meaning the possibility of working on cells isolated from higher organisms and maintained (and multiplied) in culture. Many organisms familiar to embryologists were immediately discarded by this criterion. The third was the desire of Jacob to remain at the Institut Pasteur, which since its foundation had been devoted to human health (figure 4). Mice were good systems for studying (and mimicking) human diseases.
It was the discovery of the different embryonal carcinoma (EC) cell lines derived from tumours of the gonads (teratocarcinomas) by Boris Ephrussi, who was working south of Paris, that finally convinced Jacob. By sharing many characteristics with the cells of early mouse embryos, these cell lines opened up the possibility of access to a large amount of material. In addition, Jacob was immediately fascinated by the properties of some of these cell lines, in particular by one named PCC3. When they reached confluence, the undifferentiated PCC3 cells rapidly differentiated into highly diverse cell types: neurons, muscle cells, fat cells, etc. Cell cultures not infrequently included regularly contracting cardiac cells. In addition, these cancer cells could revert (by differentiation) to normal cells, and their study could shed light on the mechanisms of oncogenesis, a project that never left Jacob's agenda. 
Experimental difficulties
Jacob devised a two-fold experimental strategy. The first approach was the observation and manipulation of the early mouse embryo in the test tube. The second aim was to access through EC cell lines macromolecules involved in the early developmental stages. Membrane proteins were targeted because many studies performed in the same years demonstrated their importance in the control of intercellular interactions and cell differentiation, and also because Jacob had been personally convinced of the importance of membranes since his work on the replicon. The experiments consisted of raising antisera against membrane proteins expressed early in development (supposed to be present in the membranes of undifferentiated EC cells), and testing the effect of these antisera on early mouse development. If an effect was observed, the next step would be to characterize the membrane proteins targeted by the antiserum.
Interesting observations soon emerged. An antiserum raised against the F9 EC cell line recognized a membrane protein highly expressed at the morula stage (which immediately precedes the formation of the blastocyst and of the first differentiated cells) (10) . Its addition prevented the compaction of the embryo at this morula stage, and the formation of the blastocyst. The protein recognized by this antiserum and probably involved in compaction was named the 'F9-antigen' and later 'uvomorulin'.
The work took on a different significance when this result was related to the previous observation that a mutation of the so-called T-complex blocked the same step. The T-complex had been progressively described by mouse embryologists since the 1920s and studied by the most eminent mouse geneticists in the following decades. It was considered to be a pseudoallelic complex, i.e. a complex of similar genes, generated by successive duplications of an ancestral gene and progressive divergence of the different copies by mutation. It seemed to be involved in early mouse (and mammalian) development.
Indirect immunological experiments confirmed the link between the F9-antigen and the T-complex. The amount of F9-antigen was reduced in the mutant of the T-complex in which compaction was blocked.
In the mid 1970s, Dorothea Bennett elaborated a model explaining the role of this complex in development (Bennett 1975 ). The T-complex was similar to the histocompatibility complex and both probably derived from a single ancestral complex. It encoded membrane proteins expressed at different successive stages of development. These proteins permitted new interactions between embryonic cells that modified the cells and led to the expression of another protein encoded by the T-complex, and new interactions. The process regularly repeated itself.
This step-by-step control of early embryogenesis was an attractive model. It held out hope of pinpointing genes essential for embryogenesis, and it proposed a mechanism for their action. Jacob did not participate in the elaboration of the model, but was fascinated by it. He was convinced that the experimental strategy that he had developed would rapidly allow the characterization of these membrane proteins.
But these expectations abruptly vanished. The immunological experiments that had forged a link between the T-complex and the F9-antigen were criticized, and the results were not reproduced. The T-complex itself disappeared: its existence was an illusion resulting from a chromosomal rearrangement and consequent lack of recombination. The difficult characterization of uvomorulin using the new tools of genetic engineering led to its identification with cadherin-E, a member of a family of proteins involved in cell adhesion, revealing nothing of the molecular mechanisms specific to early development.
At the beginning of the 1980s new possibilities created by genetic engineering tools oriented Jacob's lab in three directions: the study of cell lineages by inserting DNA constructs harbouring reporter genes within early cells of the embryo; the development of antisense strategies to alter gene expression in EC cells; and the study of the pattern of expression and later inactivation of the homeotic genes whose role in development had been revealed by their initial study in Drosophila, and the demonstration of their conservation in evolution.
Jacob was strongly affected by the demise of the T-complex model. Simultaneously, independent observations on the production by EC cells of a factor inhibiting the immune system, which might have explained the tolerance of the foetus by the mother as well as tolerance of cancer cells, could not be reproduced.
Retrospectively, the contributions of Jacob's lab to the understanding of early mammalian development were significant. Charles Babinet, a member of his lab, was the first in France to introduce knockout technology, an experimental tool that has rapidly made the mouse the preferred animal model in studies of human diseases. And the numerous studies conducted in Jacob's lab on various EC cell lines anticipated the present fever surrounding the studies of embryonic stem (ES) cells. Some observations on ES cells were first made on EC cells, and, unfortunately, in many cases forgotten.
The choice of the mouse was excellent, but premature. Genetic engineering tools entered Jacob's lab only at the end of the 1970s. In addition, the study of higher organisms in the 1970s revealed new phenomena-gene splicing, abundance of repeated elements-that obscured the interpretative landscape. The first 10 years after Jacob's change of direction were difficult.
The notion of tinkering
One of Jacob's last, but perhaps most significant, contributions during the second half of his scientific life was the invention of the notion of tinkering. In evolution, organisms do not create novelty ex nihilo, but recombine pre-existing structures to generate new functional modules. Jacob realized the importance of this tinkering action from the comparison of protein sequences. This comparison demonstrated that proteins as we know them result from the combination of shorter fragments, and that some proteins adopt a new function during evolution, like some crystallins present in the lens of the eye which were initially enzymes of metabolism. In 1977, in Science, Jacob extended the tinkering action of evolution to other levels of organization (12). He was not the first biologist to compare the action of evolution to that of a tinkerer: Darwin had already used this metaphor. But there is a huge difference between Darwin's vision and that of Jacob. In contrast with Darwin, Jacob relates this tinkering action to the imperfections of organisms. Evolution would have been more efficient if the organisms had been designed by an engineer. It is this negative side of the metaphor that was enthusiastically adopted by many biologists. It was considered as a wonderfully effective weapon against any teleological vision of biological phenomena, in particular against any form of intelligent design. Synthetic biologists also extensively used this metaphor to distinguish and to value their action in comparison with what evolution is able to produce.
Like all metaphors in science, this metaphor too has its drawbacks. Functional modules present in organisms are not so inefficient: natural selection has an optimizing action. In addition, the metaphor obscures what has to be explained, why tinkering was possible, what it was in the physical-chemical characteristics of the pieces that allowed them to give rise to new and functional devices.
Jacob's opposition to the 'two cultures'
Jacob also used the metaphor of tinkering to describe the way scientists elaborate their new models. Jacob was not only a biologist. He also contributed to the history and philosophy of science, and to debates about ethical issues raised by scientific progress.
In 1970, the year Monod published his famous book Chance and necessity (Monod 1971 ), Jacob published The logic of life: a history of heredity (11). The two books differed greatly: whereas Monod boldly faced the philosophical consequences of the recent developments in biology, Jacob included them in the long history of the progressive description of the different levels of organization existing in organisms. The dialogue between Monod and philosophers was difficult, whereas Jacob's book was unanimously praised by historians: its writing was profoundly influenced by the heralds of a new way of writing the history of science, Thomas Kuhn (Kuhn 1962) and Michel Foucault (Foucault 1994 ; first published in 1966 in French).
Jacob published two other historical and philosophical books: The possible and the actual (13) in 1981 and Of flies, mice and men (15) in 1997. These books cannot be easily categorized. They include a description of the recent transformations of biological models-with, for instance, an explanation of the notion of tinkering-but also a reflection on the nature of scientific knowledge, on what distinguishes it from other forms of knowledge and gives it its unique value, and a discussion on the ethical issues raised by recent developments, such as the hopes and threats associated with genetics. It is also possible to find in these books a historical description of the most recent transformations in biology, those that were not described in The logic of life, and Jacob's memories of his scientific work and of the people he met.
A similar 'mélange' is at the heart of his autobiography The statue within (14). Jacob was unanimously praised for his style, and this book opened the doors of the French Academy (of literature) to him. It is so different from the traditional autobiographies of scientists! It contains a vivid and insightful description of the work that won him the 1965 Nobel Prize. But this part represents only one-third of the book, most of which is devoted to his childhood and the war years.
Some clues are required to appreciate this atypical production. It would be a huge mistake to consider it as a hobby that gradually assumed an increasing role while Jacob was less directly committed to research. The mixed nature of his writings harbours a strong message: these historical and philosophical reflections on science, and in particular on biology, are not distinct from scientific activity. They are, and must be, a part of it. They are required for science to conserve its position in our societies. All Jacob's writings are directed against the distinction between the two cultures that was diagnosed by C. P. Snow (Snow 1959 ). Jacob did not deny the existence of these two cultures, rather he was opposed to those who argue for its ineluctability and even necessity. Philosophy and literature are not domains forbidden to scientists and unnecessary to them. Writing The statue within was a challenge for Jacob-he admitted that he spent a lot of time correcting and improving the first versions of his text: the favourable reception of his autobiography was the proof that there were no insurmountable differences between the two cultures.
The scientist who is the most cited in The logic of Life is neither Mendel nor Darwin, but the eighteenth-century French naturalist Buffon. His insistence on the 're-production' of organisms, and his hypothesis of an 'internal mould' guiding embryological developmentin which Jacob saw an anticipation of the genetic programme of development-were good objective reasons to consider Buffon as an important author. But there was more, Buffon's writings had two characteristics that were not foreign to Jacob: the quality of his literary style, and the fact that his writings were considered as unclassifiable, balancing between science and literature.
The merit of Jacob in the fields of the history and philosophy of science was that he abandoned the traditional hagiographic history and positivist philosophy of science spontaneously endorsed by scientists. Jacob accepted the recent results of historical and philosophical research: scientific discourses do not escape the 'episteme' of the time at which they are produced. Scientific knowledge is an ensemble of representations of the world produced by the recombination (tinkering) of elements borrowed from previous models and from the culture in which science develops. But the value of scientific knowledge is unique because these representations are submitted to the sieve of experimentation before being accepted.
Jacob recurrently used a metaphor to account for these two faces of scientific knowledge: night and day sciences. Night science is the time of creation by tinkering with models, analogies, whatever scientists have at hand to elaborate a new and often improbable representation. During this phase, the activity of scientists does not differ from that of artists, or from other human activities such as the construction of myths. Night science is complemented by day science, the form of science that is taught, a rational construction. To be converted into day science, night science has to pass through the sieve of experimentation, and to face the criticisms addressed by other scientists. How many wonderful models and theories did not survive these trials! This description of scientific activity has the huge merit of not isolating scientists in an ivory tower. They operate like the other creators of their time. The only difference is that scientists have progressively established a number of rules that allow them to distinguish a representation that will be (at least temporarily) accepted from one that will be rejected.
Jacob spent more and more time defending the role and significance of fundamental research, threatened as it was by politicians and scientific institutions determined to orientate research. He did not deny the value of applied research: as we have seen, he regularly tried to extract from his work models to understand and fight against cancer. But he was convinced by his own experience that fundamental research is the most likely to generate new and unexpected developments and applications. Who could have imagined the huge legacy of the work done on the strange phenomenon of lysogeny?
Ethics and science
An important part of Jacob's output was devoted to the ethical issues raised by the development of science. In Of flies, Mice and Men, Jacob recognized that one of his motivations in turning to biology and genetics was the theory of Lysenko, and the alleged capacity of politicians and Marxist philosophers to state what is a good scientific theory. Jacob also strove to prevent the use of genetic results to discriminate between human populations and human individuals. Within the French Academy of Sciences, he actively supported scientists who were persecuted in some countries for political or ideological reasons. He never refused to participate in radio or TV shows to discuss issues that he considered ethically and socially important.
There was a huge difference between Monod and Jacob on these questions, although they shared similar convictions. For Monod, the ethical attitude of scientists was the consequence of the ethical choice that every scientist makes when he starts working in research: the choice to favour an objective form of knowledge over all other possible forms of knowledge. Jacob totally disagreed with this link between science and ethics. Ethics was very important for him, but he considered that it was a personal choice made by each scientist, not a behaviour dictated by being a scientist. This discrepancy can be easily explained: the most demanding ethical choice of Jacob, to abandon his family and his country, his refusal of what he considered to be 'unacceptable', was made when he was 20. Ethics mandated 'no' when so many passively answered 'yes'. For Jacob, ethics precedes science, and ethics in science results from the personal commitment of every scientist.
Who was Jacob?
Jacob was the young man saying 'no' to barbarism, the 45-year-old enthusiastic scientist receiving the Nobel Prize, and the respected elderly man fighting tirelessly to defend the value of fundamental research and human rights. These were the different successive facets of his 'statue within'. For a young scientist like me, entering his lab at the beginning of the 1980s, the second and third facets were the most visible. But surprisingly, for Jacob, as he often mentioned in private conversations, the most significant part of his life was the 4 years spent fighting against the Nazi regime. Jacob was made 'Companion of the Liberation', a special Order created by General de Gaulle for those who joined him and fought in the Free French Forces. At the end of his life, Jacob was very proud to be nominated Chancellor of the Order.
Jacob somewhat overawed those who met him. His considerable height and deep voice, and the respect we all felt for his wartime deeds and scientific achievements, created an obstacle that had to be overcome if we were to discuss freely with him and to discover his eventual and true attachment to us. In his autobiography, Jacob compared de Gaulle to a Gothic cathedral, a comparison that aptly describes him too.
There were some things that Jacob did not tolerate in those he met: speaking without purpose, repeating what had already been said elsewhere, pretentiousness. In such cases, Jacob could be very rude! He was less media-friendly than Monod, and probably less well known, but his discreet influence on French science and in particular on French biology was immense. His courses at the Collège de France were attended by countless biologists. Jacob was not demonstrative in his lectures, but the extraordinary talent he had in describing experiments and the strength of his reasoning were deeply attractive.
His 10-year stay in François Jacob's lab, and the numerous discussions he had with him on the history of molecular biology after his departure from the lab, permitted him to become familiar with the work and ideas of François Jacob on biology and science and to better appreciate his rich and complex personality.
